We consider extensions of the Standard Model by vectorlike leptons and set limits on a new charged lepton, e ± 4 , using the ATLAS search for anomalous production of multi-lepton events. It is assumed that only one Standard Model lepton, namely the muon, dominantly mixes with vectorlike leptons resulting in possible decays e ± 4 → W ± ν µ , e ± 4 → Zµ ± , and e ± 4 → hµ ± . We derive generally applicable limits on the new lepton treating the branching ratios for these processes as free variables. We further interpret the general limits in two scenarios with e ± 4 originating predominantly from either the SU (2) doublet or the SU (2) singlet. The doublet case is more constrained as a result of larger production cross-section and extra production processes e , where ν 4 is a new neutral state accompanying e 4 . We find that some combinations of branching ratios are poorly constrained, whereas some are constrained up to masses of more than 500 GeV. In the doublet case, assuming BR(ν 4 → W µ) = 1, all masses below about 300 GeV are ruled out. Even if this condition is relaxed and additional decay modes, ν 4 → Zν µ and ν 4 → hν µ , are allowed, below the Higgs threshold still almost all of the parameter space (of independent branching ratios) is ruled out. Nevertheless, even assuming the maximal production cross-section, which coincides with the doublet case, the new charged lepton can still be as light as the LEP-II limit allows. We discuss several possible improvements of current experimental analyses that would dramatically reduce the allowed parameter space, even with current data.
Introduction
Among simplest extensions of the Standard Model (SM) are those with extra vectorlike quarks and leptons near the electroweak (EW) scale. The reason for SM fermions coming in three copies remains a mystery, and although having more than three families would not complicate the structure of the SM, extra chiral families are ruled out experimentally. However, adding vectorlike partners along with the fourth family completely changes the picture. Vectorlike fermions can acquire masses independently of their Yukawa couplings to the Higgs boson and thus they are much less constrained.
The possibility to contribute to basically any process in the SM in a controlled way (through Yukawa couplings) makes vectorlike fermions a simple framework for explaining various anomalies. Examples include attempts to explain the anomaly in the forwardbackward asymmetry of the b-quark [1] [2] [3] and the muon g − 2 anomaly [4] [5] [6] . Recently, their effects on Higgs boson decays were also studied. For example, they allow for a sizable modification of h → γγ [7] [8] [9] [10] or they can significantly contribute to h → 4 or 2 2ν, through flavor violating Higgs decays, thus possibly affecting measurements of h → ZZ * and h → W W * [11, 12] . Even without couplings to SM fermions they were studied in connection with the unification of gauge couplings in the minimal supersymmetric model extended by a complete vectorlike family [13] and the SM extended by several vectorlike families [14, 15] . For many other phenomenological implications of vectorlike fermions, see also ref. [16] and references therein.
In this paper, we use the ATLAS search for anomalous production of multi-lepton events [17] to set limits on a new lepton, e ± 4 (the lightest charged mass eigenstate originating from vectorlike pairs). Vectorlike leptons can be pair produced just like the SM leptons. If they mix with the SM leptons they decay into a SM lepton plus W , Z, or Higgs boson h. We will focus on the scenario where only one SM lepton, namely the muon, dominantly mixes with the vectorlike leptons resulting in possible decays e ± 4 → W ± ν µ , e ± 4 → Zµ ± , and e ± 4 → hµ ± . For the general set of couplings mixing the muon with vectorlike leptons, arbitrary values of branching ratios of e ± 4 into the three channels above can occur and are allowed by precision EW data. Hence we treat these branching ratios as free variables (constrained to sum to unity) in our analysis of the implications of the generally applicable limits that we derive. The limits for the electron mixing with the vectorlike leptons would be similar and the current analyses are not constraining the possibility of the tau lepton dominantly mixing with vectorlike leptons (the limits typically being more than an order of magnitude weaker).
We consider two limiting scenarios with e ± 4 originating predominantly from either the SU (2) doublet or the SU (2) singlet. The predicted production cross-sections and thus the implied limits on branching ratios for these cases are different. However a more dramatic difference comes from the fact that the doublet e ± 4 is accompanied by a new neutrino ν 4 and thus, in addition to e + 4 e − 4 production, also e ± 4 ν 4 and ν 4 ν 4 production processes must be considered. If there are no new SU (2) singlet neutrinos near the electroweak scale then the new neutrino, ν 4 , decays into W ± µ ∓ . However, if there is also an SU (2) singlet vectorlike neutrino near the EW scale, flavour violating couplings between SM neutrinos and the heavy neutrino can be generated, and in addition to ν 4 → W ± µ ∓ , also ν 4 → Zν µ and ν 4 → hν µ should be considered. In the doublet case we assume e ± 4 and ν 4 to be degenerate in mass. We analyse limits both with and without the assumption that ν 4 decays into W ± µ ∓ with branching ratio one.
As opposed to new coloured fermions, the direct observational bounds on vectorlike leptons are only from LEP-II, where the lower mass bound is as weak as about 105 GeV [18] . It is therefore important to investigate the multi-lepton decay signatures of their Drell-Yan pair production at the LHC as well as searching for indirect signals in other measurements. Previously, limits on heavy leptons have been placed in ref. [19] using the CMS analysis [20] which uses about 19.5 fb −1 at 8 TeV to look quite generally at 3+ lepton final states, looking for new phenomena. Ref. [19] considers a specific scenario where the branching ratios of e 4 to Z and W ν are fixed and decays involving the Higgs boson (h ) are not considered. In our paper we use the ATLAS multi-lepton search [17] with 20.3 fb −1 at 8 TeV which also looks quite generally at 3+ lepton final states, although the categorization of the events and cut variables employed are somewhat different. (Leptons are electrons, muons, and hadronic taus; leptonically decaying taus show up as electrons and muons.) They set various bounds after splitting the data into four categories and then further applying cuts requiring different amounts of transverse energy in the form of leptons, jets, or missing energy or just generally.
The reason we concentrate on the ATLAS analysis is that they provide single lepton (electron, electron-from-tau, muon, muon-from-tau) and single hadronic tau fiducial efficiencies as well as particle level selection requirements; in fact, the ATLAS paper shows that a lack of precise knowledge of these efficiencies could lead to order of magnitude uncertainties on the expected limits on multi-lepton production (see figure 25 of ref. [17] ). 1 This paper is organized as follows. In section 2, we briefly review the model that mixes one SM lepton generation with a vectorlike pair of leptons. In section 3 we discuss our strategy to obtain limits on the new lepton states from the ATLAS search for anomalous production of multi-lepton events and provide the details of the analysis. The obtained limits are presented in section 4 along with an analysis of the implications of the (generally applicable) limits in various scenarios. We discuss the results and conclude in section 5.
Model and Strategy
In this paper we consider the framework where the SM is simply extended by vectorlike pairs of new leptons L L,R and E L,R . E R and L L have the same quantum numbers as the SM right-handed muon and left-handed muon doublet respectively and E L and L R are their vectorlike partners. We assume that these new fermions mix with the second generation of leptons. For simplicity we will not consider the case that new leptons mix with more than one SM lepton generation, in which case the limits from a variety of lepton flavour violating processes are expected to be stronger than direct production constraints. The most general Yukawa and mass terms for the muon and new leptons are
where the first term is the usual SM Yukawa coupling and is followed by Yukawa couplings between the muon and vectorlike leptons, those between vectorlike leptons, and direct mass terms for vectorlike leptons. After the EW symmetry is spontaneously broken the new extra leptons mix with the muon (and each other) to give new mass eigenstates e 4 and e 5 (in mass order), and flavour violating couplings e 4 − Z − µ, e 4 − W − ν µ and e 4 − h − µ are generated (see ref. [12] ). In general the new charged states L ± and E ± mix and their production cross-section depends on the mixing angle (see figure 1) . We illustrate the impact of the limits in the following two cases: the doublet case, where e 4 originates from the doublet L (in this case we set m e 4 = m ν 4 ) and the singlet case, where e 4 originates from the singlet E. Limits on mixed scenarios can be inferred from these limiting cases with the aid of figure 1. We will then place limits on quantities of the form σ(pp → ab)BR(a → vm)BR(b → xn), where a and b are e 4 or ν 4 with equal masses, v and x stand for massive vector bosons or SM Higgs boson, and m and n stand for muons or neutrinos (e.g. σ(pp → e 
When combining results there will be six interesting cases. First of all there will be the singlet case where the mass is below the threshold for decays of the heavy charged lepton into hµ. In this case BR(e 4 → W ν) = 1−BR(e 4 → Zµ) and BR(e 4 → Zµ) (say) is the only free variable. Above the Higgs threshold BR(e 4 → W ν) (say) also becomes a free variable, but then BR(e 4 → hµ) can be expressed as 1−BR(e 4 → Zµ)−BR(e 4 → W ν). We proceed similarly for the doublet cases, but further split these two cases into four. With the particle content of the Lagrangian (2.1) the ν 4 decays exclusively to W µ (BR(ν 4 → W µ) = 1). With the addition of new particles, e.g. extra vectorlike singlet neutrinos, the decay modes ν 4 → hν and ν 4 → Zν can be generated once all possible extra interactions are added to the Lagrangian (2.1). Which branching ratios we will choose as the independent free variables in each case is summarised in table 1.
The strategy is to produce event samples of 20 possible processes (pp → e figure 2 . We can then apply the various sets of cuts from the ATLAS analysis [17] and apply each relevant bound to see which bound is the most constraining for each sample process. As well as the cuts in the papers, we will also implement a simple five-lepton cut relevant for the ATLAS detector and triggers and compare the expected number of events with the zero expected background and assuming zero observed events. These five-lepton results will give an indication of where this kind of cut could be effective, but technically they do not apply since we do not have confirmation that the observed number of events for this cut is zero. There is one quantity of the above form that cannot be constrained by the considered ATLAS analysis since the corresponding process cannot produce more than two leptons; this quantity is σ(e + 4 e − 4 )BR(e 4 → W ν) 2 . The best limits on this quantity would seem to come from limits on chargino pair production where each chargino decays to a W and a massless, stable neutralino. Such limits are placed in ref. [21] , where they require two leptons and utilize m T 2 . The inferred 95% limits on σ(e 
Method
In this section we explain in detail how the events are generated and the analyses proceed. For convenience we divide this section into a description of our event generation, details of the analysis implementation, how we obtain the limits, and how we apply the additional five-lepton cut.
Event generation
The dominant process for pair production is expected to be Drell-Yan (pp → γ, Z → e and ν 4 ν 4 production. We find that the limits do not depend on the doublet/singlet nature of the e ± 4 . Kinematically, the only differences between these processes are the different proportions of Drell-Yan production via γ and Z (pure singlet and doublet e ± 4 have identical couplings to photons but different couplings to the Z); we find that the kinematic distributions are approximately independent of this consideration. Therefore we will just quote limits on various products of production cross-sections and branching fractions for different masses. These limits will then be compared to different predicted production cross-sections to see if the relevant branching ratios are actually constrained.
For the cases involving only decays into massive vector bosons (not Higgs) the events are generated with SHERPA 2.0 [22] at the parton level; vector bosons and tau leptons decays are handled by the HARD DECAYS module of SHERPA. For the cases including decays to Higgs bosons the events are generated with MadGraph5 [23] and the subsequent decays of the Higgs and of the vector bosons are handled by Phythia6 [24] , which is also used to add initial and final state radiation; tau leptons produced from the vector or Higgs bosons are decayed with TAUOLA [25] in the MadGraph5 pythia-pgs package. The relevant flavor violating couplings between the heavy and light leptons have been implemented with FeynRules [26] . We confirm that we derive the same efficiencies using these two event generation schemes within statistical errors due to generating only finite numbers of events. We generate enough events in each case such that the best cut efficiency is calculated with sufficient accuracy (at least 100K events per final state).
The HepMC and StdHEP event files produced from the above Monte Carlo event generation schemes are converted into CERN root files with a custom tree that mimics the HepMC vertex structure and contains all of the information that we need for the analysis. The analysis is implemented as a root macro, in which the jet clustering algorithm is implemented using FastJet [27] , and proceeds as explained in the following subsection. 2 
Analysis
First, each generated event is analysed and the final state particles are identified. Decaying (intermediate state) tau leptons are also identified. In this way muons and electrons coming from tau decays can be distinguished from those that do not come from tau decays. For each hadronically decaying tau lepton in the event a hadronic tau is defined that has the four-momentum of decaying tau lepton minus the four-momentum of the neutrino from the decay, i.e. the four-momentum of the visible tau decay products as defined in [17] . All final state particles except for muons (and neutrinos) are passed to the jet clustering algorithm. Jets are clustered using an anti-k t algorithm with distance parameter ∆R = 0.4 implemented using FastJet. The neutrino four-momenta are summed to determine the missing momentum, / p T , and missing transverse energy, / E T ≡ | / p T |, in the event. p T and η cuts are then implemented on the reconstructed jets and on the leptons and hadronic taus.
Next, the fiducial efficiencies are taken care of. We split each event into all possibilities for each lepton and hadronic tau being kept or lost, using the tables of single lepton (and hadronic tau) fiducial efficiencies in the ATLAS paper [17] . This is where one needs to know whether the leptons are from tau decays or not. Next, some overlapping reconstructed particles are neglected as explained in the paper. The event (each possibility for each event) is then tested to make sure that there are either 3+ reconstructed electrons and muons or 2 reconstructed electrons and muons and 1+ reconstructed hadronic taus. The leading reconstructed electron or muon is then tested to make sure it has p T > 25 GeV; this is the final event selection requirement.
The events (each possibility for each event) are then categorized into one of four mutually exclusive categories. If the event passed the event selection by having 3+ reconstructed electrons and muons then the three leading leptons are the "leptons that define the event" and the event is categorized as "3e/µ". Alternatively, if the event needed an extra hadronic tau to pass the event selection then the three leptons that define the event are the electrons and muons and the leading hadronic tau and the event is categorized as "2e/µ+τ ". The events are also categorized by whether or not there is a Z candidate. Z candidates are formed only out of the 3 leptons that define the event. 3 An event is categorized as "on-Z" if there is an opposite-sign-same-flavour (OSSF) pair (or OSSF pair plus an electron) with invariant mass within 20 GeV (either side) of the Z mass. The four event categories are then:
• ≥3e/µ on-Z,
Since not all reconstructed leptons are necessarily used to form Z candidates we find that a large proportions of events that do contain Z bosons decaying to leptons can become classified as off-Z if there are leptons from other sources (or more than one Z).
Each event is then tested to see whether it passes further cuts. These additional cuts are defined in terms of the following variables:
• H l T -the scalar sum of p T s of the three leptons that define the event,
• min p l T -the minimum p T of the three leptons,
• H j T -the magnitude of the vector sum of all jet p T s,
• / E T -the missing transverse energy.
They also present results for b-tag cuts and we will present representative limits from these cuts. Since exact fiducial b-tagging efficiencies are not given in the ATLAS analysis, to obtain representative limits we simply apply a flat 85% (which is the working point used) b-tagging efficiency to reconstructed jets that contains bs. We find that this cut can be effective in the low mass region for processes involving at least one Higgs boson. Even though our b-tagging implementation is approximative, we decided to include these limits when they are stronger than those obtained from the other cuts. All the sets of cuts are summarised in table 1 of the ATLAS paper [17] .
Extraction of the limits
We will label the quantities that we want to place limits on by the index i and call them σ i . The total number of events for a given cross-section σ i and set of cuts k in category j will be
where L is the integrated luminosity and ε ijk is the signal efficiency which also takes into account the fiducial efficiency. The limits given in table 14 onwards in the ATLAS paper ("observed" column) are 95% C.L. limits on the number of events surviving cuts per unit integrated luminosity, N 95 /L, and are given in fb. We therefore have the set of conditions
at 95% C.L.. One categorisation j and set of cuts k will then set the best limit on each σ i .
To set limits all we need to calculate is the set of efficiencies ε ijk .
Five-lepton cut
Before the categorization stage (but with the rest of the analysis remaining the same) we also implement a five-lepton cut that simply requires that there are five reconstructed electrons and muons. Let n be the observed number of events that we will set to zero and let µ be the expected number of events
where σ b b is the expected background cross-section times the background efficiency and σ i i is the cross-section we want to place a limit on times its efficiency for the five-lepton cut; L is the integrated luminosity. To get sensible 95% C.L. limits the question to ask is what is the cross-section σ i such that [30] 0.05
Here the likelihoods p are given by the Poisson distribution P
Rearranging and setting n = 0 yields 0.05 = e −Lσ i i
where − ln(0.05) = 3.00. Note that this limit is independent of the expected background σ b as long as n = 0. All we need to know is the efficiency i and the integrated luminosity L.
Results
In this section we present our results. For convenience we divide this section into a summary of the generally applicable limits that we derive and analyses of the limits on branching ratios that these general limits imply under various assumptions.
Generally applicable limits compared to predicted cross-sections
The results are presented in figures 3-6 and table 2. The black points in the figures are the limits from the p T cuts in the ATLAS analysis. Grey points show the limits coming from the five-lepton cut in the cases where this provides a better limit (assuming zero data). Green points show the representative limits from the b-tag cuts in the cases where they are better. Both the five-lepton cut and the b-tag cuts can only compete with the p T cuts at low mass, the five-lepton cut being effective for processes that can produce that many leptons and the b-tag cuts being effective for processes that can produce a Higgs boson plus at least three leptons from elsewhere. However, combining these cuts with the p T cuts in future analyses could be useful. The category and cut setting the best limit for each black point is indicated by a two-letter code in the table; this code is explained in table 3. The orange points are the predicted Drell-Yan production cross-sections assuming doublet nature; the blue points are the predictions for singlet nature e + 4 e − 4 production. Black points below prediction points indicate that there is a non-trivial constraint on the considered product of branching ratios. Some combinations of branching ratios are poorly constrained, whereas some are constrained up to masses of about 300 GeV; the products of branching ratios BR(e 4 → Zµ)BR(ν 4 → W µ) and BR(e 4 → hµ)BR(ν 4 → W µ) are constrained up to masses of more than 500 GeV.
Where the limits on a production cross-section times a product of branching ratios is shown compared to one quarter of the predicted cross-section (the right hand plots in figures 3 and 6), this is to make it more clear whether the limit on the process actually sets a limit on the branching ratios when the given production cross-section is assumed. If the limit on the product of branching ratios xy of some particle is weaker than xy < 1 /4 then this limit is strictly weaker than the trivial limit x + y < 1. If a limit on a given process implies a non-trivial constraint on the relevant branching ratios when doublet production is assumed the entry is coloured orange in the table; if a constraint is also implied for the singlet case the entry is coloured blue.
Combined results under different assumptions
Let us now compare the limits with predicted production cross-sections in order to derive limits on branching ratios in the different scenarios (summarised in table 1). In the singlet case the only limits on the branching ratios are those coming from the limits on σ(e + 4 e − 4 )BR(e 4 → Zµ) 2 . They say that at 125, 150, and 200 GeV BR(e 4 → Zµ) must be less than 92%, 76%, and 75% respectively. There are, however, no limits at 105 GeV (and from 300 GeV upwards).
In the doublet cases where it is assumed that BR(ν 4 → W µ) = 1 strong bounds can be set. The limits on σ(ν 4 ν 4 )BR(ν 4 → W µ) 2 instantly rule out all masses below about 300 GeV. Then there are strong constraints coming from the limits on σ(e When the condition BR(ν 4 → W µ) = 1 is relaxed the situation becomes more complicated, but below the Higgs threshold we can still represent the limits in a two-dimensional parameter space. In this case the situation is quite constrained due to many limits constraining in different directions. The ruled out parameter space at 105 and 125 GeV is shown in figure 8 . The allowed space is in white. If the five-lepton cut results are valid (there is indeed zero data) then the hole in the 105 GeV case closes completely and even in the 125 GeV case only the part of the allowed region to the left of about 0.1 in BR(e 4 → Zµ) remains.
Above the Higgs threshold we have a four-dimensional parameter space and the results are more difficult to represent. There are six independent square projections through the hypercube. For 200 GeV all six are shown in figure 9 . Again the allowed space is in white and the ruled out space is in blue, but there is also now an orange region that contains both allowed and ruled out points in the four-dimensional parameter space. In the orange region contours can be plotted indicating the upper or lower limit on a third of the four independent branching ratios. In figure 10 we show the upper (and, where relevant, lower) limits on a third independent branching ratio for the top two plots of figure 9. These limits are indicated by an orange/purple colour gradient. In figure 11 just the [BR(e 4 → Zµ), BR(ν 4 → W µ)] projection is shown for a range of masses, since these are the most directly constrained branching ratios of e 4 and ν 4 . In figure 11 we choose to show additionally the upper limits on BR(e 4 → hµ) since this is also quite well (directly) constrained and these limits are indicated by an orange/green colour gradient. The gradient only shows limits on this third branching ratio that are stronger than the trivial limit.
Discussion and Conclusions
In this paper we have derived some generally applicable limits on various heavy vectorlike lepton pair production and decay processes. We have achieved this by implementing the ATLAS analysis [17] and applying it to various processes generated within a general model. In the ATLAS paper single lepton (and single hadronic tau) fiducial efficiencies and particle level selection requirements are provided. Knowing these efficiencies or running a detector simulation that is good enough to reproduce them is very important when deriving limits from these multi-lepton analyses. These kinds of papers from ATLAS (and the Rivet [28] implementations of the analyses) are therefore very useful for phenomenologists.
From our results we have also analysed the implied limits on branching ratios in various scenarios. We find that at this time, with the presently collected data, some combinations of branching ratios are poorly constrained, whereas some are constrained up to masses of about 300 GeV; the products of branching ratios BR(e 4 → Zµ)BR(ν 4 → W µ) and BR(e 4 → hµ)BR(ν 4 → W µ) are constrained up to masses of more than 500 GeV. We find that this implies that in some scenarios the parameter space is very well constrained at low masses, whereas in others with more freedom it is more open. In the doublet case with BR(ν 4 → W µ) = 1 strong bounds are set. All masses below about 300 GeV are ruled out and there are strong limits constraining the branching ratios beyond 500 GeV. Alternatively, even if this condition is relaxed, below the Higgs threshold still almost all of the parameter space (of independent branching ratios) is ruled out. Nevertheless, it is interesting to point out that even assuming the maximal production cross-section, which coincides with the doublet case, the new lepton can still be as light as the LEP-II limit allows-105 GeV. We find that the sensitivity below the Higgs threshold could be improved even, with current data, by implementing a five-lepton cut. Results from such a cut can rule out the entire parameter space near 105 GeV and dramatically reduce the parameter space up to the Higgs threshold. Our results also indicate that b-tag cuts could be useful for processes involving at least one Higgs boson. Combining a five-lepton cut and b-tag cuts with the p T cuts in future analyses could be useful.
In conclusion, we stress that the limits we obtain are applicable to any model involving new pairs of neutral or charged particles (unless the kinematic structure of the dominant production mechanism differs significantly from production via s-channel SM bosons) and are already useful for constraining these models. Moreover the effectiveness of this kind of analysis will increase significantly after the next run of the LHC. Apart from the fivelepton cut that we discuss, another way in which the multi-lepton analysis could be tailored more specifically to heavy lepton searches involves Z boson reconstruction. The decision in the ATLAS analysis [17] to only use the three leptons that define the event (rather than all reconstructed leptons) to attempt to reconstruct leptonically decaying Z bosons has a significant effect on the categorization of our events, whereas it probably has little effect on the categorization of the background-many events are placed into the off-Z categories that would otherwise be placed into the on-Z categories. This effect is sometimes helpful and sometimes not. Perhaps more useful would be to use such reconstructed Z bosons and SM leptons to reconstruct heavy lepton candidates and look for excesses in the invariant mass distribution. The ATLAS paper [31], analysing only 5.8 fb −1 at 8 TeV, proceeds along these lines, searching for a signal in the reconstructed-leptonically-decaying-Z-boson-pluscharged-lepton invariant mass distribution. We encourage future searches of this kind as well as the general multi-lepton searches in order to constrain the possibility of (any kind of) heavy leptons. Table 2 . The predicted production cross-sections and limits on the various cross-sections times products of branching ratios for different heavy lepton masses. Orange limits imply a non-trivial limit on the product of branching ratios assuming doublet production; blue limits additionally imply a non-trivial limit on the product of branching ratios assuming singlet production. The category and cut setting the best limit is indicated by a two-letter code; this code is explained in table 3.
GeV, m eff > 600 GeV r / E T > 100 GeV, m eff > 1200 GeV Table 3 . The code letters for the categories and cuts. The colours are from table 2 (where this code is used) and indicate that the coloured category or cut is useful for setting a limit on branching ratios in this analysis. Uncoloured categories and cuts (except D) do set best limits on cross-sections times products of branching ratios in this analysis, but apply at too high masses (or to too difficult-to-observe processes) to be useful with current data. ) times a product of branching ratios for different masses. Grey points show the limits coming from the five-lepton cut in the cases where this provides a better limit (assuming zero data). Similarly, green points points are the representative limits from the b-tag cuts in the cases where these are better. In the left plots the orange and blue points are the predicted production cross-section σ(e + 4 e − 4 ) in the doublet and singlet case respectively. In the right plots these production cross-sections are multiplied by 1 /4. Thus when a black point is below a coloured point a non-trivial limit is set on the relevant product of branching ratios assuming that production cross-section. σ(e Figure 6 . The black points show limits on σ(ν 4 ν 4 ) times a product of branching ratios for different masses. In the left plots the orange points are the predicted production cross-section σ(ν 4 ν 4 ). In the right plots these production cross-sections are multiplied by 1 /4. Figure 10 . The general doublet case for 200 GeV. A more detailed look at the top two projections of figure 9 . Blue points are ruled out for all values of the other two independent branching ratios; white points are allowed for all values of the other two independent branching ratios; other points are shown in orange/purple. The orange/purple gradient shows the upper or lower limit on the a third independent branching ratio. upper limit Figure 11 . The general doublet case for different masses. Blue points are ruled out for all values of the other two independent branching ratios; white points are allowed for all values of the other two independent branching ratios; other points are shown in orange/green. The orange/green gradient shows the upper limit on the a third branching ratio divided by its maximum possible value BR(e 4 → hµ)/(1 − BR(e 4 → Zµ)).
